Introduction
============

Basal cell carcinoma (BCC) is a common type of skin cancer that arises from the innermost layer of the epidermis or from the outer root sheath of the hair follicle ([@b1-mmr-21-04-1799]). According to the American Cancer Society, non-melanoma skin cancer accounts for \>95% of all skin malignancies, and primarily includes squamous cell carcinoma (SCC) and BCC ([@b2-mmr-21-04-1799]). BCC occurs more frequently in fair-skinned individuals; in the USA alone, there are \~800,000 new cases each year ([@b3-mmr-21-04-1799]). BCC incidence is the highest in Australia, reaching 726/10,000 individuals each year, whereas in Africa, BCC incidence is the lowest, accounting for \<1/10,000 individuals each year ([@b4-mmr-21-04-1799],[@b5-mmr-21-04-1799]).

A recent study showed that somatic mutations in normal skin cells were surprisingly high ([@b6-mmr-21-04-1799]). Additionally, \>25% of sun-exposed skin cells carry cancer-causing mutations in genes that help maintain the normal functions of the epidermis, thus indicating a precancerous state and the promotion of skin cancer development (including BCC, SCC and melanoma) due to sun exposure ([@b7-mmr-21-04-1799]). UV light and genetic susceptibility are important risk factors in BCC development ([@b3-mmr-21-04-1799]), which contribute to a multistep process in BCC development via the accumulation of genetic mutations ([@b3-mmr-21-04-1799]). Previous studies ([@b8-mmr-21-04-1799]--[@b10-mmr-21-04-1799]) have shown that the alteration of Hedgehog (HH) signaling and its synergistic signaling pathway are associated with BCC tumorigenesis, as the HH signaling pathway plays a critical role in the maintenance of skin stem cells during early embryo and hair follicle development ([@b11-mmr-21-04-1799]). The mammalian HH family of proteins includes three members: Sonic HH, Indian HH and desert HH ([@b12-mmr-21-04-1799]). Under normal circumstances, patched homologue (PTCH), a tumor-suppressor protein, interacts with smoothened protein (SMO) ([@b5-mmr-21-04-1799]). Binding of HH to PTCH permits SMO release, which then activates GLI proteins to promote cell growth and proliferation, and leads to the development of BCC ([@b13-mmr-21-04-1799]--[@b15-mmr-21-04-1799]). Indeed, loss of function of PTCH1 is the most frequent mutation in 30--40% of sporadic BCC cases ([@b16-mmr-21-04-1799]--[@b18-mmr-21-04-1799]), and mutations of genes such as p53, SMO and suppressor of fused protein also occur in BCC ([@b5-mmr-21-04-1799]).

SHANK-associated RH domain-interacting protein (SHARPIN) is a component of the linear ubiquitin chain assembly complex (LUBAC) and enhances tumor necrosis factor (TNF)-induced NF-κB activity ([@b19-mmr-21-04-1799]). The C-terminal of SHARPIN protein contains a ubiquitin-like domain and a Nuclear protein localization protein 4 zinc finger (NZF), with a significant sequence homology to the longer isoform of heme-oxidized iron-regulatory protein 2 ubiquitin ligase-1 (HOIL-1L), while the N-terminal contains a coiled-coil region that can mediate the polymerization ([@b20-mmr-21-04-1799]). SHARPIN, HOIL-1 and HOIL-1L interacting protein (HOIP) together comprise the LUBAC, catalyzing the formation of linear ubiquitin chains, and regulating the activation of the NF-κB and JNK signaling pathways ([@b21-mmr-21-04-1799]). The ubiquitin-like domain of SHARPIN specifically binds to the ubiquitin-associated domain of HOIP to associate with and activate HOIP; furthermore, SHARPIN and HOIL-1L can separately or synergistically facilitate the E2 loading of HOIP for its activation ([@b22-mmr-21-04-1799]). Fujita *et al* ([@b23-mmr-21-04-1799]) demonstrated that inhibition of LUBAC-tethering motifs-mediated HOIL-1L/SHARPIN dimerization profoundly attenuates the function of LUBAC. Shimizu *et al* ([@b24-mmr-21-04-1799]) showed that the binding of K63-linked ubiquitin chains to the NZF domain of SHARPIN, but not HOIL-1L, appears to be involved in the recruitment of LUBAC. Thus, selective recognition of ubiquitin chains by NZFs in LUBAC underlies the regulation of LUBAC function ([@b24-mmr-21-04-1799]). Loss of function of SHARPIN in mice leads to the development of an idiopathic hypereosinophilic syndrome with eosinophilic dermatitis ([@b25-mmr-21-04-1799]). However, the geographical heterogeneity of SHARPIN in various areas of the skin has not been investigated. Previous studies showed that SHARPIN is a cancer-associated gene. For example, Jung *et al* ([@b26-mmr-21-04-1799]) demonstrated that SHARPIN was upregulated in clear cell adenoma, hepatocellular carcinoma and papillary serous adenocarcinoma. Additionally, several studies showed that SHARPIN participated in the development of non-small cell lung cancer, melanoma, mycosis fungoides, breast cancer, prostate cancer and osteosarcoma ([@b19-mmr-21-04-1799],[@b27-mmr-21-04-1799]--[@b31-mmr-21-04-1799]). Previous studies showed that the activation of the NF-κB pathway induced Sonic HH expression ([@b32-mmr-21-04-1799]--[@b34-mmr-21-04-1799]), and that UV light could also induce the activation of the NF-κB pathway during BCC development ([@b35-mmr-21-04-1799]--[@b37-mmr-21-04-1799]).

Based on the BCC pathogenesis and the biological functions of SHAPRIN in tumorigenesis, the present study investigated the potential role of SHARPIN in skin BCC and the underlying molecular mechanisms.

Materials and methods
=====================

### Tissue samples

Tissues were fixed with 10% formalin for \~4 h at room temperature. Then, formalin-fixed paraffin-embedded blocks of 26 BCC samples, five normal skin samples and one breast cancer sample were collected from The Affiliated Hospitals of Southern Medical University from July 2016 to December 2018. BCC was diagnosed by experienced dermatologists and confirmed via histopathological analysis. Breast cancer was diagnosed by a pathologist. This study was approved by The Ethics Committee of Shenzhen Hospital, Southern Medical University, and all participants signed written informed consent forms.

### Immunohistochemistry

Paraffin-embedded sections (thickness, 4 µm) were prepared and deparaffinized in xylene, and then rehydrated in a series of diluted ethanol solutions (100--70%). The endogenous peroxidase activity was blocked for 30 min by incubation in 1% methanolic hydrogen peroxide solution at room temperature. This was followed by incubation with 20% goat serum (cat. no. C0265; Beyotime Institute of Biotechnology) to minimize non-specific binding of the secondary antibody (ready-to-use peroxidase anti-Mouse/Rabbit IgG; cat. no. PV-9000; OriGene Technologies, Inc.) and subsequently with rabbit anti-SHARPIN (1:100; cat. no. sc-98127; Santa Cruz Biotechnology, Inc.), anti-cyclin D1 (1:200; cat. no. WL01435a; Wanleibio Co., Ltd.), anti-cyclin-dependent kinase 4 (CDK4; 1:5,000; cat. no. 12790; Cell Signaling Technology, Inc.), antic-JUN (1:1,000; cat. no. 9165; Cell Signaling Technology, Inc.) and anti-GLI family zinc finger 2 (GLI2; 1:200; cat. no. sc-28674; Santa Cruz Biotechnology, Inc.) at 4°C overnight. On the next day, the sections were subjected to a two-step plusPoly-horseradish peroxidase anti-Mouse/Rabbit IgG Detection System (cat. no. PV-9000; OriGene Technologies, Inc.) at room for 1 h temperature and 3,3-diaminobenzidine Detection kit (Enhanced Polymer; cat. no. PV-9000-D; OriGene Technologies, Inc.). The immunostaining results were analyzed using the cross-product H score, where the staining intensity was graded on a four-point scale: i) 0, no staining; ii) 1+, weak; iii) 2+, moderate; and iv) 3+, strong staining ([@b38-mmr-21-04-1799]). The H score=tumor cell staining percentage × staining intensity for SHARPIN expression, according to a previous study ([@b39-mmr-21-04-1799]). In addition, the expression levels of cyclin D1, CDK4, c-JUN and GLI2 were searched in the Human Protein Atlas website (HPA; <https://www.proteinatlas.org/>; Version 16.1).

### Cell lines and culture

The human BCC TE354.T cell line ([@b40-mmr-21-04-1799],[@b41-mmr-21-04-1799]) was purchased from the American Tissue Culture Collection (cat. no. CRL-7762^™^). HaCaT cells, an immortalized non-tumorigenic human keratinocyte cell line ([@b42-mmr-21-04-1799]) was obtained from Nanjing KeyGen Biotech. Co., Ltd. (cat. no. KG300). HaCaT cells have been authenticated using STR profiling. Both TE354.T and HaCaT cell lines were cultured in DMEM (cat. no. C11995500BT; Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS (cat. no. 10270; Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin (cat. no. SV30010; GE Healthcare Life Sciences) in a humidified incubator with 5% CO~2~ at 37°C.

### Western blotting

Cells were lysed in RIPA buffer (cat. no. 20-188; EMD Millipore) containing a protease inhibitor (cat. no. CW2200S; Beijing CoWin Biotech Co., Ltd.). The protein concentration was measured using a bicinchoninic acid assay kit (cat. no. E112, Vazyme Biotech Co., Ltd.). Then, 10 µl protein lysates were subjected to 12% SDS-PAGE and transferred onto PVDF membranes (EMD Millipore). For western blotting, the membranes were blocked in 5% non-fat milk for 1 h at room temperature and then incubated with antibodies against SHARPIN (1:2,000; cat. no. ab197853; Abcam), cyclin D1 (1:800; cat. no. WL01435a; Wanleibio Co., Ltd.), CDK4 (1:1,000; cat. no. 12790; Cell Signaling Technology, Inc.), c-JUN (1:2,000; cat. no. 9165; Cell Signaling Technology, Inc.), phosphorylated (p)-c-JUN (1:1,000; cat. no. 2361; Cell Signaling Technology, Inc.), GLI1 (1:1,000; cat. no. 8358; Cell Signaling Technology, Inc.), GLI2 (1:200; cat. no. sc-28674; Santa Cruz Biotechnology, Inc.), PTCH1 (1:1,000; cat. no. 2468; Cell Signaling Technology, Inc.), PTCH2 (1:1,000; cat. no. 2470; Cell Signaling Technology, Inc.) and β-actin (1:2,000; cat. no. AC001-R; Beijing Dingguo Changsheng Biotechnology Co., Ltd.) at 4°C overnight. On the next day, the membranes were incubated for 1 h with horseradish peroxidase-conjugated immunoglobulin (1:2,500; cat. no. bs-0295G-HRP; Bioss Antibodies) in room temperature and then detected using a High-Sensitive ECL Chemiluminescence Detection kit (cat. no. E411; Vazyme Biotech Co., Ltd.). The membranes were exposed using an imaging system (Canon 5200; Canon Inc.). The protein expression level was quantified using Image Pro Plus ([@b43-mmr-21-04-1799]).

### Generation of a SHARPIN-deficient stable cell line

Lentiviral vectors carrying SHARPIN short hairpin RNA \[shRNA; sh-SHARPIN; pLV(shRNA)-EGFP:T2A:Puro-U6\>hSHARPIN(shRNA2); Vector ID: VB150923-10005\] and the negative control \[sh-Ctrl; pLV(shRNA)-EGFP:T2A:Puro-U6\>Scramble shRNA; Vector ID: VB151023-10034\] were designed and synthesized by Cyagen Biosciences, Inc. The SHARPIN shRNA sequence was 5′-CCCTGGAGTCAGTTTCCTACA-3′, and the sh-Ctrl sequence was 5′-CCTAAGGTTAAGTCGCCCTCG-3′. These lentivirus vectors, including an enhanced green fluorescent protein and an antibiotic resistance gene against puromycin, were transfected into 293T cells (cat. no. 3111C0001CCC000091; National Infrastructure of Cell Line Resource) for lentivirus production. 293T cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin in a humidified incubator with 5% CO~2~ at 37°C. The lentiviruses (Transducing units, 1×10^8^ TU/ml) were transfected into TE354.T cells (3--5×10^5^/well in 6-well) with 5 µg/ml polybrene according to the manufacturer\'s protocol; polybrene is a transfection reagent with a positive charge, so it can bind to the anion on the cell surface to facilitate and significantly increase the transfection efficiency. After 72 h of cell transfection, green fluorescence was observed under a fluorescence microscope at ×200 magnification (Olympus IX71; Olympus Corporation). Then, the cells were cultured in DMEM supplemented with 10% FBS, 1% penicillin-streptomycin and 0.5 µg/ml puromycin to obtain stable cell lines.

### Reverse transcription-quantitative PCR (RT-qPCR)

Total cellular RNA was isolated from the SHARPIN-shRNA lentivirus infected cells using TRIzol^®^ reagent (cat. no. 15596026; Invitrogen; Thermo Fisher Scientific, Inc.). Then, 1 µg RNA was added with 4 µl 5X HiScript II qRT SuperMix II (HiScript^®^ II Reverse Transcriptase; cat. no. R223; Vazyme Biotech Co., Ltd.) to form a 20 µl mixture, which was placed in an ABI3130 automated sequencer (Applied Biosystems; Thermo Fisher Scientific, Inc.). The following RT conditions were used: Reacted at 25°C for 10 min, 50°C for 30 min and 85°C for 5 min, for RT into cDNA using HiScript II Reverse Transcriptase (cat. no. R223; Vazyme Biotech Co., Ltd.). qPCR was then performed using an ABI 7500 RT PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) with ChamQ SYBR qPCR Master mix (cat. no. Q331; Vazyme Biotech Co., Ltd.). The qPCR conditions were as follows: Initial denaturation at 95°C for 5 min; followed by 40 cycles of 95°C for 30, 72°C for 30 sec and 58°C for 30 sec; and a final extension at 72°C for 10 min. The level of β-actin mRNA was used as the endogenous control. Primer sequences used were as follows: SHARPIN forward, 5′-TGTTCTCAGAGCTCGGTTT-3′ and reverse, 5′-AAGTTCCCCGTCCATCTT-3′; and β-actin forward, 5′-GGATGCAGAAGGAGATCACTG-3′ and reverse, 5′-CGATCCACACGGAGTACTTG-3′. All reactions were performed in triplicate and repeated ≥1 time. The relative level of SHARPIN mRNA was calculated using the 2^−ΔΔCq^ method ([@b44-mmr-21-04-1799]).

### Cell counting Kit-8 (CCK-8) and 5-ethynyl-2′-deoxyuridine (EdU)-incorporation assays

A CCK-8 (cat. no. CK04; Dojindo Molecular Technologies, Inc.) and EdU labeling kit, containing EdU labeling media, Apollo reaction buffer, Apollo catalyst solution, Apollo fluorescent dye solution and Apollo buffer additive (cat. no. C10310-3; Guangzhou RiboBio Co., Ltd.), were used to investigate cell viability and proliferation in SHARPIN knockdown BCC cells. Stable TE354.T cells were seeded into 96-well plates at a density of 5×10^3^/well in 6-wells in each group for a final volume of 100 µl and cultured for 3 days. At the end of 24, 48 and 72 h, 10 µl of the CCK-8 solution was added into each well and the cells were incubated for 45 min in a humidified incubator with 5% CO~2~ at 37°C, according to the manufacturer\'s instructions. The optical absorbance rate of the cell solution was measured using a Multimode Plate reader (PerkinElmer, Inc.) at 450 nm.

Stable sh-SHARPIN TE354.T cells and negative controls were grown at a density of 8×10^3^/well in 96-well plates for 48 h. Then, 50 µM EdU labeling media was added into each well of the 96-well plates and incubated in a humidified incubator with 5% CO~2~ at 37°C for 4 h. The cells were fixed with 4% paraformaldehyde for 30 min at room temperature and treated with 0.05% Triton X-100 solution for 10 min at room temperature. Next, the cells were immunostained for 30 min in the dark at room temperature with Apollo working solution containing 25 µl of Apollo reaction buffer, 5 µl of Apollo catalyst solution, 1.5 µl of Apollo fluorescent dye solution, 5 mg of Apollo buffer additive and 469 µl of deionized water. Then, the cell nuclei were stained with DAPI solution at room temperature in the dark for 15 min according to the manufacturer\'s instructions (cat. no. DA0001; Beijing Leagene Biotechnology Co., Ltd.). The stained cells were observed under a fluorescence microscope at ×200 magnification, and five fields were randomly photographed for each group. The EdU-positive cells and DAPI cells in each field were counted. The proliferation rate was calculated using the following formula: Proliferation rate=the green fluorescence-positive cells (proliferating cells)/the blue fluorescence cells (total cells) ×100%.

### Cell cycle analysis using flow cytometric assays

TE354.T cells were plated into 6-well plates at a density of 4×10^5^ cells/well and cultured for 48 h. Then, the cells were washed twice with ice-cold PBS, fixed with 75% ethanol at −20°C overnight and stained with 400 µl propidium iodide (cat. no. KGA512L; Nanjing KeyGen Biotech Co., Ltd.) at 4°C in the dark for 30 min. Cell distribution was measured using a flow cytometer (FACSCalibur; BD Biosciences; FlowJo, Version 10) at in 488 nm.

### Annexin V assays

Apoptosis was detected using a Annexin V-allophycocyanin (APC) kit (cat. no. 88-8007) and 7-aminoactinomycin D (7-ADD) solution (cat. no. 00-6993; both eBioscience; Thermo Fisher Scientific, Inc.). An Annexin V-APC/7-ADD apoptosis assay was used to assess tumor cell apoptosis after sh-SHARPIN shRNA and sh-Ctrl transfection into BCC cells, according to the manufacturer\'s instructions. TE354.T cells (2×10^5^) were plated into 6-well plates and cultured for 48 h. Cells were washed with PBS and then in 1X binding buffer (cat. no. 00-0055; eBioscience; Thermo Fisher Scientific, Inc.), and resuspended in 1X binding buffer at 3×10^5^/ml. Then, 5 µl of fluorochrome-conjugated Annexin V was added to 100 µl of the cell suspension and incubated for 10--15 min at the room temperature. Cells were washed again in 1X binding buffer and resuspended in 200 µl of 1X binding buffer. Then, 5 µl of 7-AAD viability staining solution was added into the mixture and analyzed within 4 h at 2--8°C in the dark. The cells were analyzed with a BD FACSCalibur flow cytometer.

### Transwell assay

Transwell units with 8-µm pore size membranes were obtained from Falcon (cat. no. 353097; Corning Inc.). TE354.T cells were harvested and suspended in serum-free DMEM medium and seeded (3×10^4^ cells) in Transwell upper chambers, which were precoated with or without Matrigel (cat. no. 354234; Corning Inc.). DMEM with 10% FBS was added into the lower chambers. The cells were cultured for 16 h in a humidified incubator with 5% CO~2~ at 37°C, and the cells in the upper chamber were removed using a cotton swab, while the cells that migrated or invaded into the lower chambers were fixed with 4% paraformaldehyde for 30 min at room temperature and stained with 0.5% crystal violet solution at room temperature for 20 min. The number of migrated or invaded cells were counted in ten randomly selected fields (BX51; Olympus Corporation; magnification, ×200) and the rates were calculated by comparing with the control cells.

### Statistical analysis

The statistical analysis was performed using SPSS 13.0 software (SPSS, Inc.). SHARPIN expression levels in BCC subtypes and normal skin were analyzed using Kruskal-Wallis tests followed by Dunn\'s post hoc test. Age and sex data in BCC were analyzed using Mann-Whitney U tests. The data on the cell biological functions assays were analyzed using an independent sample t-tests. P\<0.05 was considered to indicate a statistically significant differences.

Results
=======

### Reduced or absent expression of SHARPIN in BCC tissues and cell lines

Subcategories of BCC tissues in the donor demographic profile, risk factors, subtypes and tissue-biopsy locations are summarized in [Table SI](#SD1-mmr-21-04-1799){ref-type="supplementary-material"}. The present study assessed the expression level of SHARPIN in 26 BCC tissues compared with five healthy skin tissues, and also in two cell lines. The present results suggested that SHARPIN expression was not significantly associated with age, sex or subtype in BCC tissue samples ([Table I](#tI-mmr-21-04-1799){ref-type="table"}). However, SHARPIN protein expression level was downregulated or absent in precancerous lesions and cancer nests of BCCs compared with the expression levels in healthy skin tissues ([Fig. 1A-D](#f1-mmr-21-04-1799){ref-type="fig"}). In addition, SHARPIN protein expression level was significantly decreased in TE354.T cells compared with HaCaT cells ([Fig. 1E and F](#f1-mmr-21-04-1799){ref-type="fig"}). To assess these results, the SHARPIN expression level in breast cancer was used as a control for the assay ([Fig. S1](#SD1-mmr-21-04-1799){ref-type="supplementary-material"}). To investigate the expression levels of cyclin D1, CDK4, c-JUN and GLI2 in BCC tissues, the HPA website was searched and the following results were showed: i) Cyclin D1 was low in three cases; ii) CDK4, six cases with one low, one high, three medium and one unknown; iii) JUN, six cases with one medium and five high; and iv) GLI2, five cases all high, compared with healthy skin tissues. The present results suggested that cyclin D1 was highly expressed in three BCC samples and moderately expressed in two BCC samples compared with healthy skin. CDK4 expression in BCC tissues (one low, three medium and one high) exhibited 80% high expression compared with healthy skin tissues. In addition, c-JUN expression was one high and four medium cases compared with healthy skin tissues, and GLI2 expression in BCC tissues was two high and three medium cases compared with healthy skin tissues ([Fig. S2](#SD1-mmr-21-04-1799){ref-type="supplementary-material"}).

### Activation of tumor cell proliferation after SHARPIN knockdown

SHARPIN expression was decreased in BCC tissue and TE354.T cells compared with normal tissue and cells; thus, the present study generated a stable SHARPIN knockdown cell subline and performed cell viability and proliferation assays. The present results suggested that the mRNA and protein expression levels of SHARPIN in sh-SHARPIN group were significantly decreased compared with the negative control ([Fig. 2A and B](#f2-mmr-21-04-1799){ref-type="fig"}). The stable knockdown of SHARPIN significantly increased BCC cell proliferation and viability ([Fig. 2C-E](#f2-mmr-21-04-1799){ref-type="fig"}), while the cell cycle distribution assay results suggested that more sh-SHARPIN-infected cells were in the S phase compared with negative control cells ([Fig. 2F](#f2-mmr-21-04-1799){ref-type="fig"}). However, there were no significant differences in tumor cell apoptosis, migration or invasion between the SHARPIN knockdown and negative control cells ([Fig. S3](#SD1-mmr-21-04-1799){ref-type="supplementary-material"}).

At the molecular level, the expression levels of cyclin D1 and CDK4 in sh-SHARPIN group were increased compared with the negative control group ([Fig. 3A and B](#f3-mmr-21-04-1799){ref-type="fig"}).

### JNK/GLI2 signaling pathway is activated in SHARPIN-silenced TE354.T cells

The present study investigated the underlying molecular mechanism of the effects of SHARPIN in BCC cells by analyzing the protein expression levels of c-JUN, p-c-JUN, GLI1, GLI2, PTCH1 and PTCH2. It was shown that, compared with the negative control group, the protein expression levels of p-c-JUN and GLI2 were significantly increased, while PTCH1 and PTCH2 were decreased in SHARPIN knockdown cells. In addition, the protein expression levels of c-JUN were decreased, while GLI1 expression was not significantly different between the two groups ([Fig. 3C-H](#f3-mmr-21-04-1799){ref-type="fig"}).

Discussion
==========

The present study identified that SHARPIN expression level was decreased in BCC tissues and TE354.T cell lines. Using the stable SHARPIN knockdown cell subline, it was identified that SHARPIN shRNA enhanced TE354.T tumor cell proliferation and the number of cells in the S phase of the cell cycle. At the molecular level, SHARPIN knockdown promoted the protein expression levels of cyclin D1, CDK4, p-c-JUN and GLI2. Collectively, the present results suggested that SHARPIN may act as a tumor suppressor gene during BCC tumorigenesis.

Previous studies have shown that SHARPIN is involved in the development of various human cancer types. For example, overexpression of SHARPIN contributed to prostate cancer development by activating survivin and livin, which are downstream targets of the NF-κB signaling pathway ([@b45-mmr-21-04-1799]). Additionally, SHARPIN can promote the activation of the NF-κB/ERK/Akt signaling pathway and induce prostate cancer tumorigenesis by regulating the expression of the transforming apoptosis-associated protein ([@b28-mmr-21-04-1799]). A significant elevation of SHARPIN mRNA expression has been reported in breast cancer ([@b46-mmr-21-04-1799]). SHARPIN expression is associated with poor prognosis in patients with breast cancer ([@b19-mmr-21-04-1799],[@b27-mmr-21-04-1799]). These studies reporting SHARPIN overexpression have provided evidence of its function as an oncogene in the specific cancer types described above. The present results suggested that SHARPIN was downregulated in BCC tissues. BCC is different from other human cancer types, as it proliferates slow, locally and rarely metastasizes to other organs; thus, BCC has a more favorable prognosis ([@b1-mmr-21-04-1799],[@b47-mmr-21-04-1799]). However, further study is required to investigate the tissue-specific role of SHARPIN in tumorigenesis.

The hallmarks of cancer cells encompass six biological capabilities, including limitless replicative potential, evading apoptosis, self-sufficiency in growth signals, insensitivity to antigrowth signals, sustained angiogenesis, and tissue invasion and metastasis ([@b48-mmr-21-04-1799],[@b49-mmr-21-04-1799]). Upon stimulation by internal and external factors, normal cells show a series of abnormal activities, such as genetic mutations, altered cell cycle, unlimited cell proliferation and reduced cell apoptosis; these cells eventually transform into tumor cells ([@b50-mmr-21-04-1799]). The present study generated a stable SHARPIN-silencing TE354.T cell line and assessed tumor cell proliferation, apoptosis, invasion and migration. The present results suggested that the proliferative ability of silenced-SHARPIN BCC cells was significantly increased compared with corresponding control cells. Cell proliferation refers to the ordered, tightly regulated process involving cell number increases, nutrients accumulation and cell division ([@b51-mmr-21-04-1799]). Purba *et al* ([@b52-mmr-21-04-1799]) demonstrated that an increase in the distribution of cells in the S phase of the cell cycle could be sensitively and accurately assessed in tumor cells using BrdU or EdU incorporation assays. The present study identified that EdU-positive cells were more numerous in sh-SHARPIN-transfected BCC cells compared with negative control transfected cells. Therefore, the loss of function of SHARPIN could induce cell proliferation via an increase in S phase cell cycle stage.

The cell cycle is a complicated dynamic process that generates daughter cells via DNA replication and cell division ([@b53-mmr-21-04-1799]). The cell cycle can be divided into the resting phase (G0), the beginning stage of DNA synthesis (G1), DNA replication stage (S) and the late stage of DNA synthesis (G2) ([@b53-mmr-21-04-1799]). The transition from the G1 phase to S phase is a critical step in determining the rate of cell proliferation, and is modulated by the phosphorylation of retinoblastoma (Rb) ([@b54-mmr-21-04-1799]). CDKs are serine/threonine kinases that are regulated by interactions with cyclins and CDK inhibitors, and are the key regulators of the G1-to-S checkpoint ([@b55-mmr-21-04-1799]). After CDK4 binds with its catalytic partner cyclin D to form an active complex, Rb is consecutively phosphorylated, thus relieving its inhibition on E2F to allow target genes to promote the G1-to-S phase entry ([@b56-mmr-21-04-1799]). The present results indicated that the expression levels of cyclin D1 and CDK4 were increased in SHARPIN knockdown BCC cells, which suggested that silencing SHARPIN could promote cell proliferation via the overexpression of cyclin D1 and CDK4.

The HH signaling pathway plays a critical role in the development of BCC ([@b57-mmr-21-04-1799]). Decreased expression levels of PTCH1 and PTCH2, which are tumor suppressor genes, can promote the development of BCC ([@b58-mmr-21-04-1799]). Moreover, the activation of GLI has been identified to be responsive to certain pathways, such as the AKT/PI3K, RAS/RAF/mitogen-activated protein kinase (MAPK) kinase (MEK)/ERK and epidermal growth factor (EGF) signaling pathways ([@b59-mmr-21-04-1799]--[@b61-mmr-21-04-1799]). Schnidar *et al* ([@b62-mmr-21-04-1799]) revealed that EGF receptor (EGFR)/MEK/ERK signaling in combination with the GLI activator results in GLI1- and GLI2-induced activation of JUN/activator protein 1 (AP-1), which is essential for oncogenic transformation in human keratinocytes cells. Moreover, the inhibition of EGFR and HH/GLI was able to effectively slow the growth of a mouse BCC cell line ([@b62-mmr-21-04-1799]). Laner-Plamberger *et al* ([@b63-mmr-21-04-1799]) showed significantly increased expression levels of c-JUN in human BCC tissue samples. In addition, GLI1 and GLI2 can directly upregulate the expression levels of AP-1 family members c-JUN and GLI2 more effectively than the expression of GLI1 ([@b63-mmr-21-04-1799]), which is consistent with the present results.

The JUN family includes c-JUN, JUN B and JUN D as downstream proteins of the JNK signaling pathway ([@b64-mmr-21-04-1799]). A number of stimulators, such as growth factors, cytokines, UV light and stress, can activate JNK via the MAPK cascade to increase the transcription of AP-1 by phosphorylating c-JUN at the serine 63 and serine 73 sites ([@b65-mmr-21-04-1799]). The JNK pathway regulates cell proliferation, differentiation and apoptosis, as well as tumor cell invasion and metastasis ([@b66-mmr-21-04-1799],[@b67-mmr-21-04-1799]). c-JUN is essential in embryonic development ([@b68-mmr-21-04-1799]). Zenz *et al* ([@b69-mmr-21-04-1799]) showed that cell proliferation was reduced in JUN^−/−^ keratinocytes, and that c-JUN-promoted cell proliferation occurred via the activation of cyclin D1 and other cell cycle-related proteins in keratinocytes. Moreover, the regulation of cyclin D1 expression was shown to be caused by binding to the cyclin D1 promoter ([@b64-mmr-21-04-1799],[@b70-mmr-21-04-1799]). In addition, GLI2 has been confirmed to accelerate the transformation of the G1 phase of the cell cycle to the S phase via the activation of E2F1, cyclin D1, CDC45L and other cell cycle-related proteins ([@b71-mmr-21-04-1799]). In the present study, the knockdown of SHARPIN induced cyclin D1 and c-JUN activation, which is inconsistent with the previous results showing that SHARPIN induced NF-κB and thus promoted AP-1 activity in various cells ([@b72-mmr-21-04-1799]). LUBAC can activate the MAPK cascade signaling pathway, which involves JNK, p38 and ERK1/2, to increase the expression levels of AP-1 and c-JUN ([@b73-mmr-21-04-1799]). TNF-α-induced JNK/ERK activation is enhanced in chronic proliferative dermatitis mice (cpdm) embryonic fibroblasts (MEFs) compared with wild-type MEFs ([@b73-mmr-21-04-1799]). Knockdown of cpdm partially results in an increase in JUN phosphorylation to cause signal dependence or determine the specificity of the cell type ([@b21-mmr-21-04-1799],[@b73-mmr-21-04-1799]).

However, the expression levels of cyclin D1, CDK4, c-JUN and GLI2 in present study were not consistent with previous studies or those from The Human Protein Atlas. Sivrikoz and Kandiloğlu ([@b74-mmr-21-04-1799]), Liang *et al* ([@b75-mmr-21-04-1799]) and Huang *et al* ([@b76-mmr-21-04-1799]) showed that the expression level of cyclin D1 was higher in BCC tissues compared with healthy skin. Laner-Plamberger *et al* ([@b63-mmr-21-04-1799]) reported a higher expression level of JUN in BCC tissues. Data on the expression of GLI2 in a previous study ([@b77-mmr-21-04-1799]) and the analysis in present study were consistent. It was demonstrated that cyclin D1, c-JUN and GLI2 were highly expressed in BCC samples compared with healthy skin, which was mostly consistent with previous studies ([@b74-mmr-21-04-1799]--[@b77-mmr-21-04-1799]). The expression of CDK4 in present study was similar to The Human Protein Atlas.

In conclusion, SHARPIN expression was reduced in BCC tissues. SHARPIN knockdown increased the expression levels of p-c-JUN and GLI2 in BCC cells. The binding of p-c-JUN and GLI2 may have induced the expression of cyclin D1 and CDK4, promoting cell proliferation and BCC development. However, the present study did not investigate the expression of molecules in the Sonic HH signal pathway, which is as a limitation and requires further research.
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![Decreased SHARPIN in BCC tissues and TE354.T cells. SHARPIN was analyzed using immunohistochemistry in 26 BCC tissues and 5 healthy skin samples. (A) Normal skin. Magnification, ×200. (B) BCC cancer nest. Magnification, ×200. (C) Another BCC cancer nest. Magnification, ×200. (D) Quantified immunostaining data using H score in different BCC subtypes and healthy skin. (E) Western blotting results for the protein expression of SHARPIN in TE354.T and HaCaT cell lines. (F) Quantification of western blot analysis. \*\*\*P\<0.001. SHARPIN, SHANK-associated RH domain-interacting protein; BCC, cutaneous basal cell carcinoma.](MMR-21-04-1799-g00){#f1-mmr-21-04-1799}

![Effect of SHARPIN on the regulation of BCC cell proliferation. TE354.T cells were cultured, infected with SHARPIN shRNA and subjected to various assays. Stable TE354.T cells were grown, and the expression levels of SHARPIN were examined via (A) reverse transcription-quantitative PCR and (B) western blotting. (C) EdU incorporation assay in TE354.T-sh-SHARPIN transfected cells and negative controls. Magnification, ×200. (D) Quantified data from EdU assay. (E) Cell viability was assessed using Cell Counting Kit-8 assay. (F) Flow cytometric cell cycle assay. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001. SHARPIN, SHANK-associated RH domain-interacting protein; BCC, cutaneous basal cell carcinoma; sh(RNA), short hairpin RNA; EdU, 5-ethynyl-2′-deoxyuridine; sh-Ctrl, shRNA control; OD, optical density.](MMR-21-04-1799-g01){#f2-mmr-21-04-1799}

![Effects of SHARPIN on the expression levels of relevant proteins. Stable TE354.T cells were grown and analyzed via western blot assays. (A) Western blotting and (B) quantification of cyclin D1 and CDK4 expression. (C) Western blotting and (D) quantification of c-JUN and p-c-JUN expression. (E) Western blotting and (F) quantification of GLI1 and GLI2 expression. (G) Western blotting and (H) quantification of PTCH1 and PTCH2 expression. \*\*P\<0.01, \*\*\*P\<0.001. SHARPIN, SHANK-associated RH domain-interacting protein; p-, phosphorylated; GLI, Glioma-associated oncogene homolog; PTCH, patched homologue; shRNA, short hairpin RNA; sh-Ctrl, shRNA-control.](MMR-21-04-1799-g02){#f3-mmr-21-04-1799}

###### 

Subcategory-analysis in BCC.

  Characteristic       H Score       P-value
  -------------------- ------------- ---------
  Sex                                \>0.05
    Female             92.69±68.27   
    Male               53.85±61.45   
  Age                                \>0.05
    \<60               55.00±63.17   
    ≥60                85.36±71.32   
  BCC subtype                        \>0.05
    Nodular type       98.00±75.69   
    Superficial type   53.13±37.12   
    Adenoidal type     62.50±75.17   

Data are presented as the mean ± SD. BCC, cutaneous basal cell carcinoma.
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